A combined experimental and theoretical study of the magneto-optic properties of a series of nickel antidot thin films is presented. The hole diameter varies from 869 down to 636 nm, while the lattice periodicity is fixed at 920 nm. This results in an overall increase of the polar Kerr rotation with decreasing hole diameter due to the increasing surface coverage with nickel. In addition, at photon energies of 2.7 and 3.3 eV, where surface-plasmon excitations are expected, we observe distinct features in the polar Kerr rotation not present in continuous nickel films. The spectral position of the peaks exhibits a red shift with decreasing hole size. This is explained within the context of an effective medium theory by a change in the effective dielectric function of the Ni thin films. Optical and magneto-optic (MO) properties of periodic ferromagnetic thin-film nanostructures have been studied intensively during the last years, [1] [2] [3] [4] [5] [6] [7] [8] especially the effect of the surface-plasmon resonance (SPR) on the magneto-optic Kerr effect (MOKE). At the end of the 1990s, extraordinary optical transmission through a periodic array of subwavelength holes was observed and described as resonant excitation of a surface plasmon polariton (SPP). 9 As a result, a considerable amount of theoretical and experimental studies on the excitation of plasmons in noble metals has been carried out 10 motivated by the low absorption losses in metals and their potential applications. In particular, by changing the structural parameters of the array, it is possible to tailor the transmission properties at a desired wavelength. Later on, MO studies on pure plasmonic materials revealed a measurable MO activity if localized SPRs are excited under an extremely high applied magnetic field.
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The MO response was found to be a consequence of an increase of the magnetic Lorentz force induced by the large collective movement of the conduction electrons in the nanostructures when the resonance is excited. By combining materials with ferromagnetic and plasmonic properties, the ferromagnet induces MO activity and the noble metal supports the excitation of weakly damped plasmons [12] [13] [14] increasing the electromagnetic field intensity inside the ferromagnet, and therefore, the MO response of the system. Additionally, in the case of pure ferromagnetic metals, the interaction of light with ferromagnetic nanoscale arrays of holes in an applied magnetic field leads to exciting optical and magneto-optic properties. 4 Using different advanced fabrication techniques, one can design purely ferromagnetic patterned nanostructures such as grating 15 and dot/anti-dot structures 3, 16, 17 in uniform thin films. In this work, ferromagnetic nickel antidot thin films are fabricated and the optical and MO properties are studied experimentally and theoretically by analyzing the dependence of the polar Kerr effect on the size of the nanostructures. The optical and MO response of the structures are obtained using the MOKE. For the simulations, a scattering matrix method (SMM) 18, 19 was used. The aim is to correlate the MO response to the hole size and explain the origin of the tuning effect of the Kerr rotation.
Nanostructured Ni films were produced on Si (111) substrates with a native oxide layer using self-assembly sphere lithography (SSL). The details of the process are as follows. 20, 21 Polystyrene (PS) spheres of 920 nm diameter were dispersed in an ethanol-water solution. The mixture was then slowly applied to the surface of milli-Q water in a Petri dish using a glass pipette. After formation of a hexagonal closepacked structure of the PS spheres on the water surface, a substrate was placed underneath. By slowly evaporating the water, the PS spheres deposited onto the substrate. Thereafter, the diameter of the spheres has been reduced in a controlled way by means of reactive ion etching in an oxygenated plasma atmosphere. 22 By increasing the etching time, the diameter of the sphere was reduced from 869 nm to 636 nm. These structures act as a lithography mask during physical vapor deposition. Deposition of 50 nm Ni was carried out in an e-beam evaporation system with a base pressure of 10 À7 mbar. The spheres were thereafter dissolved by chemical treatment, leaving films with a regular pattern in form of a hexagonal array of circular holes on the substrates. The topography of the samples was characterized by scanning electron microscopy (SEM) as shown in Fig. 1(a) .
The optical and MO properties of the films were investigated using a fully automated MOKE spectrometer in polar configuration, i.e., a magnetic field is applied perpendicular to the sample surface. S-polarized incident light is used at an incidence angle of $3
. The Kerr rotation is measured by employing a lock-in technique in combination with a null method. It operates with a resolution of 2 mdeg in an energy range of 0.8-5 eV (248-1550 nm) and in an applied magnetic field of up to 1.6 T. 23 An aluminum mirror was applied as a reference in order to compensate for the influence of Faraday rotation from the optical components of the setup. To cancel out the influence of stress-induced birefringence effects, all measurements were taken in both magnetic field directions and subtracted from each other.
The reflectivity spectra were derived directly from the MOKE measurement without an extra measurement by using the parameters obtained from the null method. The values are normalized to the values of the aluminum mirror yielding a relative reflectivity.
In the simulations, we used a scattering matrix method (SMM) to calculate the optical and MO response of the structures. Details are published elsewhere. 18, 19 Figure 1(b) shows the relative-reflectivity spectra as derived from the MOKE measurement and the magnetooptic Kerr spectra of the Ni antidot thin films. In the relativereflectivity spectra, we can see a structure originating from
Apart from the Si feature, minima are observed at around 2.7 eV (A) and 3.3 eV (B). As will be shown below, these minima are the result of a resonant coupling of light to surface-plasmon excitations at the interface of the Ni films.
In the magneto-optic Kerr spectra, the overall (negative) polar Kerr rotation increases with decreasing hole diameter. Since the inter-hole spacing or lattice constant is kept constant at 920 nm, this must directly be related to the change in hole size. By decreasing the hole diameter, the surface area of the MO active material is increased yielding a larger polar Kerr rotation. Focusing now on the spectral features, the MO response is completely different from that of a continuous Ni film. We find two distinct maxima of the absolute value of the (negative) polar Kerr rotation at approximately the same photon energy as the structures in the reflectivity spectra, i.e., around 2.7 eV (A) and 3.3 eV (B). Since the spectrum of a continuous Ni film is smooth, the structures must be related to the hole array. In addition, a red shift of the two peaks, i.e., a shift to lower photon energies with decreasing hole diameter, is clearly observed in the MOKE spectra. In the relative-reflectivity spectra, the shift can also be seen but it is less prominent.
In order to understand our experimental observations, calculations have been carried out for both the reflectivity and the polar Kerr rotation making use of a generalized scattering-matrix approach able to describe MO effects in periodically patterned systems. 18, 19 The reflectivity minima and the maxima of the absolute value of (negative) polar Kerr rotation are related to the surface plasmon excitation at the metal/dielectric or the metal/air interface. It is well known that in a smooth metal surface a surface plasmon cannot be excited with light impinging from the air. To obtain a resonant excitation, one needs frequency and momentum matching between incoming light and surface plasmon. This is established by coupling of the surface plasmon to the lattice periodicity, the so-called Bragg plasmon. 1 In the case of a hexagonal lattice, the resonance for normal incidence can be written as
Here, a 0 is the lattice constant of the periodic array and the integers i and j denote the order of the surface plasmon resonances. On the other hand, e m and e d are the dielectric constants of the metal and the dielectric, respectively. Using Eq. (1), one can easily check that the observed spectral position of the minima in the reflectivity data and of the maxima of the absolute value of the (negative) Kerr rotation are closely related to the energy corresponding to the second and the third order of the surface plasmon excitations at the air/ nickel interface. Since in our case all samples are hexagonal lattices with the same lattice constant a 0 ¼ 920 nm, no spectral shift is expected from Eq. (1). In Fig. 1(c) , the calculated spectra for the reflectivity and the polar Kerr rotation of the corresponding Ni antidot films are presented assuming normal incidence. The simulations are in fair qualitative agreement with the experimental results. The overall (negative) polar Kerr rotation increases when the hole size decreases. The energetic positions of the plasmon excitations (C and D), responsible for the structures, are similar in both reflectivity and Kerr spectra to that in the experimental data. The calculation evidences in addition a small kink close to the position of the plasmon excitation related to the Wood anomaly. 24 Because of its purely geometric origin in the periodicity of the lattice, the kink appears at the same photon energy for all samples and does not shift with decreasing hole diameter. However, the kink is not resolved in the experimental data, possibly due to insufficient resolution. For the kink to be observed, a large degree of perfection of the hole lattice is needed within the area of illumination. Small variations of the lattice parameter within the spot size of $5 mm 2 would wash it out. The dependence of the MO response on the hole size, i.e., the energetic red shift of the maxima of the absolute value of the (negative) Kerr rotation with decreasing diameter, is clearly reproduced in the calculations. The dependence is most prominent in the structure at lower photon energy. To explain the experimentally observed red shift with hole diameter, we introduced in the calculations an effective medium approximation. Instead of using for e m , the dielectric constant of a continuous film of Ni, an effective dielectric constant proportional to the amount of Ni (membrane) and air (holes) has been applied in the following way:
where f is the area fraction of Ni at the surface. As a consequence, it will depend on the radius of each sample. To compare with experiment, the photon energy of the first peak is plotted in Fig. 2(a) as a function of hole size as derived from experiment (solid squares) and from calculation at normal incidence (open circles). Note the different scaling. The two curves are in fair agreement except for the size of the shift. The large error bars in the experimental data result mainly from the broadness of the structures. The broadening, and in part, the discrepancy in the size of the shift is due to the finite angle of incidence of $3 used in the MOKE set-up as explained by a detailed calculation of the dispersion relation of the Bragg plasmons shown in Fig. 2(b) . For varying angle of incidence, it reveals an asymmetric splitting of the Bragg peaks. For an angle of incidence of 3 , the splitting amounts to $0.2 eV. Due to the limited photon-energy resolution of the MOKE spectrometer, the splitting is merely observed as an additional broadening of the peaks. This has been taken into account in the error bars. The asymmetry of the splitting, on the other hand, will increase the hole-size-dependent shift because the branching is larger on the high-energy side yielding a better agreement with experiment.
In conclusion, the optical and magneto-optic properties of Ni antidot films with fixed lattice periodicity but varying hole diameter were investigated. Pronounced maxima of the absolute value of the Kerr rotation were observed which can be related to surface plasmon resonances. Theoretical simulations are in good agreement with experimental results. Although keeping the lattice parameter of the array fixed, the position of the first minimum of the Kerr rotation is red shifted with 
